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Abstract.  We have studied the interaction between the 
signal sequence of nascent preprolactin and the signal 
recognition particle (SRP) during the initial events in 
protein translocation across the endoplasmic reticulum 
membrane.  A  new method of affinity labeling was 
used, whereby lysine residues, carrying the photoreac- 
tive group 4-(3-trifluoromethyldiazirino) benzoic acid 
in their side chains,  are incorporated into a  protein by 
means of modified lysyl-tRNA, and cross-linking to 
the interacting component is induced by irradiation. 
SRP interacts through its Mr 54,000 polypeptide 
component with the signal sequences of nascent 
preprolactin chains containing about 70 residues, and 
with decreasing affinity with longer chains as well; it 
causes inhibition of elongation. Binding of SRP is re- 
versible and requires the nascent chain to be bound to 
a  functional ribosome.  SRP cross-linked to the signal 
sequence still inhibits elongation but does not prevent 
it completely. We conclude that SRP does not block 
the exit site of the polypeptide chain on the ribosome. 
The SRP receptor of the endoplasmic reticulum mem- 
brane displaces the signal sequence from SRP and, 
even if SRP is cross-linked, releases elongation arrest. 
T 
HE initial events in the synthesis of a secretory protein 
are believed to proceed as follows (for review see ref- 
erence  16). The hydrophobic signal sequence, after 
emerging from the ribosome, is recognized by the signal rec- 
ognition particle (SRP), i which consists of six polypeptide 
chains and a 7S RNA (20, 22). This recognition causes high 
affinity binding of SRP to the ribosome (21) and an arrest of 
polypeptide chain elongation (20).  The interaction of SRP 
with its receptor (docking protein) (12, 6) in the endoplasmic 
reticulum (ER)  membrane then causes SRP displacement 
and a concomitant release of the elongation arrest (7).  The 
actual process of protein translocation across the membrane 
appears to proceed without the need of SRP or its receptor 
(7), but details are unclear as yet. 
Several aspects of this scheme of events are still uncertain, 
mainly because of the lack of methods available to follow the 
fate of a protein in the process of its synthesis. We have re- 
cently developed a new technique of affinity labeling where- 
by binding partners of a nascent polypeptide can be identified 
(10). A modified amino acid residue, carrying a photoreac- 
tive group in its side chain, is incorporated into a protein, 
and cross-linking to the interacting component is induced by 
irradiation.  The selectivity of the translational machinery 
could be overcome by introducing the modification to the 
1. Abbreviations  used in this paper:  ABA, p-azidobenzoic acid; ER,  en- 
doplasmic  reticulum;  K-RM(s),  rough  microsomes  washed with 0.5  M 
potassium acetate; NEM, N-ethylmaleimide; SRP, signal recognition parti- 
cle; TDBA, 4-(3-trifluoromethyldiazirino) benzoic acid. 
amino acid when already bound to the specific tRNA. We 
have used this method to provide evidence for a direct inter- 
action between the signal sequence of nascent preprolac- 
tin and a  component of SRP,  the 54-kD  polypeptide (Mr 
54,000)  (10). 
A disadvantage of the p-azidobenzoic acid (ABA) previ- 
ously used as a photoreactive group is the fact that the nitrene 
radical produced by irradiation is rapidly converted into less 
reactive  species  that undergo predominantly nucleophilic 
reactions (2). Therefore, secondary reactions cannot be ex- 
cluded with components outside the immediate vicinity of 
the nascent polypeptide. 
We now report on the use of  4-(3-trifluoromethyldiazirino) 
benzoic acid (TDBA), which upon irradiation yields a very 
reactive carbene radical forming cross-links only with im- 
mediate neighbors (5,  13). The improved technique has en- 
abled us to directly probe the interactions of the signal se- 
quence of nascent preprolactin  with  SRP and thereby to 
tackle  some  so  far  unresolved  questions  concerning  the 
translocation process.  Is the interaction between the signal 
sequence and SRP reversible?  Is the presence of a nascent 
chain on the ribosome essential for the signal sequence-SRP 
interaction? Is the recognition restricted to a  certain size 
class of nascent polypeptide chains? Is it dependent on poly- 
peptide chain elongation? What effect has cross-linking to 
the signal sequence on the functions of SRP?. What happens 
to the signal sequence when docking to the SRP receptor 
occurs? 
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Materials 
SRP was isolated from rough microsomes of dog pancreas (23). It was fur- 
ther purified by hydrophobic chromatography and sucrose gradient centrifu- 
gation (24). Its specific activity amounted to ,'ol.5 x  104 U/A2~0 U (deter- 
mined  as  described  in  reference  21). High  salt  washed  microsomes 
(K-RMs), which are depleted of SRP, were obtained by repeated washing 
of EDTA-stripped rough microsomes from dog pancreas with 0.5 M potas- 
sium acetate. 
TDBA was synthesized as described in the literature (13), and was a gift 
from Dr. A. S. Girshovich and Dr. E. S. Bochkareva, Institute of Protein 
Research, Poustchino, USSR. Synthesis of e-TDBA-Lys-tRNA was carried 
out as described previously for e-ABA-Lys-tRNA (10). Briefly,  unfrac- 
tionated tRNA from baker's yeast was charged with [~C]lysine and pu- 
rified by phenol extraction and gel filtration. For specific modification of 
the e-amino group of lysine, the N-hydroxy-succinimide  ester of TDBA was 
incubated with lysyi-tRNA at pH 10.4 for 3 min. After ethanol precipitation, 
the modified lysyl-tRNA was purified on a BD-cellulose column by elution 
with 1 M  NaC1 in 30%  ethanol. The identity of the material was proved 
by  thin  layer  electrophoresis  after  hydrolysis  (10). Incorporation  of 
TDBA-modified lysine residues into cell-free synthesized preprolactin was 
demonstrated by enzymatic hydrolysis and subsequent ion exchange chro- 
matography as described (10). 
Cell-flee Translation and Cross-linking 
Translation in a wheat germ system was performed with the following final 
concentrations: 20% wheat germ extract, 1 mCi/ml [35S]methionine (1,000 
Ci/mmol, The Radiochemical Center, Amersham, Buckinghamshire, En- 
gland, or ,~100  Ci/mmol, produced from 35SO42--labeled bacterial pro- 
tein), 40  ~tg/ml Poly(A)  + RNA isolated from the pituitaries of lactating 
cows, 2 mM magnesium acetate, 140 mM potassium acetate, and 0.8 mM 
spermidine. Incubations were performed at 26"C. All other conditions were 
as previously described (14, 26). e-TDBA-Lys-tRNA was added to an initial 
concentration of 40  riM.  The  same amount of e-TDBA-Lys-tRNA was 
added every 5 min of incubation. Elongation was inhibited by 0.2 mM cyclo- 
heximide. 
SRP and K-RMs were used at final concentrations of 10 U/25 ltl and 2 
eq/25 I11, respectively (for definition of units and equivalents see reference 
21), if not mentioned otherwise. Changes in the salt and detergent concen- 
tration (SRP is held in a buffer containing Nikkol [24]) were taken into ac- 
count and an equivalent amount of buffer was added to controls. 
Treatment of K-RMs with N-ethylmaleimide (NEM) was performed es- 
sentially as described by Gilmore et al. (6). The membranes were treated 
with 5 mM NEM at 250C for 30 rain. The reaction was quenched by 40 
mM dithiothreitol (DTT) and the membranes were washed twice by sedi- 
mentation in an airfuge (10 rain, 20 psi) and resuspension. Mock-treated 
membranes were handled in the same way, except that NEM was omitted 
during the incubation. K-RMs were treated with 5 I~g/rnl trypsin followed 
by high salt washing (6). 
Before irradiation all manipulations with samples containing the pho- 
toreactive group were performed under dim light. After cell-free synthesis, 
undiluted samples were irradiated at 0°C with light of 320 um wavelength 
for 3 rain at a dose of ~105 erg/mm  2. 
If translation was to be continued after irradiation, one-tenth of the vol- 
ume of the following mixture was added before further incubation at 26°C: 
0.3 mM lysine, 3.6 mM GTP, 3.6 mM CTP, 20 mM DTT, and 6 mM mag- 
nesium acetate. 
Product Analysis 
Immunoprecipitation  with  antibodies  directed  against  sheep  prulactin 
(United States Biochemical Corp, Cleveland, OH) was performed as fol- 
lows, except where immunoprecipitations with antibodies directed against 
the 54-kD polypeptide of SRP were done in parallel (see below). A 20-1~1 
translation assay was diluted to 200 Ixl with buffer A (10 mM Tris/HC1,  pH 
7.5, 0.15 M NaCI, 1 mM EDTA, 1% Triton X-100, 0.1% SDS), kept at 4°C 
for 10 min and centrifuged at 10,000 g for 10 min. The prolactin antiserum 
was diluted 1:10 with buffer A and also centrifuged. 5 ~1 of the diluted an- 
tiserum were added to the supernatant of each sample. After incubation at 
room temperature for 2 h and overnight at 4°C, 50 ~tl of a 30% suspension 
of protein A-Sepharose (Pharmacia Fine Chemicals,  Uppsala,  Sweden) 
were added and the mixture was shaken for 20 min at 4°C. The Sepharose 
was washed five times with buffer A and the bound material eluted by boil- 
ing for 5 min in SDS gel sample buffer (U). 
If immunoprecipitation was carried out in parallel with both prolactin 
and 54-kD antibodies, the translation mixture was treated with TCA and the 
precipitate was dissolved in 1% SDS, 100 mM Tris/HCl, pH 7.5, and 30 mM 
DTT by incubation at 37°C for 1 h. After a 1:10 dilution with buffer A lack- 
ing SDS, the procedure described above was followed. Immunoprecipitation 
with anti-54-kD polypeptide antibodies was carded out in the same manner 
with IgG afffinity-purified from a rabbit serum (25)  (1.3 Bg/20  ~tl assay). 
Controls were performed with nonimmune serum (2 BI per sample) and 
subsequently treated in the same way as the test samples. 
Samples not subjected to immunoprecipitation were precipitated by TCA 
and redissolved in SDS gel sample buffer. 
Products were separated in SDS gels of various polyacrylamide concen- 
trations (see figure legends) and visualized by autoradiography of the 2,5-di- 
phenyloxazol-impregnated gels. The following molecular mass standards 
were used:  a  cro-13-galactosidase  fusion polypeptide coded by the pEX- 
plasmids (18), 117 kD; T7-RNA-polymerase, 100 kD; bovine serum albu- 
min, 68 kD; catalase, 56 kD; ovalbumin, 45 kD; aldolase, 40 kD. 
Results 
Reversible SRP Binding Requires Functional 
Ribosome-bound Nascent Preprolactin 
SRP  is  known  to  inhibit  the  translation  of preprolactin 
mRNA when added to a wheat germ cell-free system (21). 
If the translation is synchronized by permitting initiation for 
only a  short time period,  SRP stops the movement of the 
ribosome when the NH2-terminal portion of preprolactin is 
about  70  residues  long  (referred to  as  arrested  fragment 
[20]). We have previously shown that after translational in- 
corporation of e-ABA-lysine into the arrested fragment and 
subsequent irradiation, a cross-linked complex is produced 
with the 54-kD polypeptide component of SRP (10). A simi- 
lar experiment was performed with the new cross-linking re- 
agent as follows. 
A nonsynchronized translation of  preprolactin mRNA was 
carded out in the presence of [35S]methionine  (serving as 
label  to  facilitate  product  analysis)  and  N~-TDBA-Lys - 
tRNA. The latter is accepted by the translational machinery 
(not shown). SRP was present from the beginning of transla- 
tion. Irradiated and nonirradiated samples were separated on 
an SDS gel and radioactive bands were visualized by fluorog- 
raphy. 
As with the older cross-linking reagent, a main band of 
Mr 62,000 was produced by irradiation (Fig.  1 A,  lane 2; 
Fig.  1 B, lane 1), which was absent in controls (Fig.  1 A, 
lane 1). Up to 10% of the total radioactivity exposed to ir- 
radiation was  recovered in the 62-kD band  and  only few 
other products were seen, indicating that the new reagent was 
more efficient and more  specific than the  one previously 
used. Antibodies directed against the 54-kD polypeptide of 
SRP or against prolactin precipitated the product of cross- 
linking (Fig.  2, lanes 3 and 5). 
These data confirm that the signal sequence of the prepro- 
lactin  fragment,  which  contains  the  only lysine  residues 
responsible for cross-linking (positions 4 and 9),  interacts 
with the 54-kD polypeptide component of SRP. Since a sin- 
gle cross-linked band was obtained under these conditions, 
movement of  the ribosome must have been inhibited with the 
first interaction between the signal sequence of the growing 
chain and SRP,  as has been suggested before (20). 
A simple dilution experiment demonstrated the reversibil- 
ity of the interaction between SRP and the nascent polypep- 
The Journal  of Cell Biology,  Volume 104, 1987  202 Figure 1. Interaction of nascent preprolactin with SRP. (A) Translation  for the sample shown in lane 2 was carried out for 10 min in 
the presence of SRP. After addition of 4 mM 7mGp, the sample was irradiated  at 0°C. Lane 1 shows a nonirradiated  control. Translation 
for the samples presented in lanes 3-8 was carried out for 20 min in the absence of SRP. Cyclobeximide was added and the incubation 
was continued for 2 min. Finally, SRP was added in different amounts, and, after another 5 min of incubation,  the samples  were cooled 
to 0°C and irradiated  (irr.)  as indicated.  All samples were immunoprecipitated  by prolactin antibodies  before electrophoresis in a 12% 
acrylamide gel. It should be noted that a five times greater translation  volume was used for the samples shown in lanes 3-8 as compared 
with those in lanes 1 and 2. The arrow indicates the position of  the 62-kD band (see text), pPL, preprolactin.  (B) Translation of  preprolac- 
tin mRNA was carried out for 10 min in the presence of SRP. Equal portions received either 0.2 mM cycloheximide or 2 mM puromycin 
(at  140 mM potassium acetate)  and were further incubated  for 2 or 10 min, respectively.  Half of each sample  was incubated  at 26°C 
for 10 min after a 1:10  dilution with a complete translation  mixture lacking mRNA, [3sS]methionine, and e-TDBA-Lys-tRNA. The other 
half was cooled down to 0°C and is referred to as undiluted  in the figure, despite the fact that it was diluted with an ice-cold translation 
mixture to the same final volume before further handling.  All samples were irradiated  in portions of 150 lal, TCA-precipitated,  and applied 
to electrophoresis in a 12% acrylamide SDS gel. The arrow indicates the position of the 62-kD band produced by cross-linking (see text). 
tide chain (Fig. 1 B). Dilution of  the complex diminished the 
yield of cross-linked product (cf.  lanes  1  and 2). 
The nascent chain must be bound to a functional ribosome 
for SRP interaction, since incubation with puromycin drasti- 
cally inhibited cross-linking (Fig.  1 B, cf. lanes 3 and 1, or 
lanes 4  and 2).  Release of nascent polypeptides from pep- 
tidyl-tRNA under these  conditions has been demonstrated 
previously (8). 
SRP Binds to Nascent Polypeptide 
Chains of Various Length 
Is the interaction of SRP with nascent preprolactin restricted 
to polypeptide chains of •70  amino acid residues in length? 
Is it dependent on polypeptide chain elongation? To answer 
these  questions,  the  following  experiment  was  performed 
(Fig. 1 A, lanes 3-8). A preprolactin translation was allowed 
to proceed in the absence of SRP for 20 min, a time at which 
a steady state is achieved with ribosomes distributed almost 
equally along the mRNA. The state was frozen by addition 
of cycloheximide. Then SRP was added to aliquots in differ- 
ent amounts and the mixture was irradiated. 
As seen in Fig.  1 A  (lane 6 and  7),  the main product of 
cross-linking  between  SRP  and  nascent  preprolactin  was 
again found at Mr 62,000.  However, as the SRP concentra- 
tion was increased,  higher Mr bands were produced up to 
80 kD (lane  7).  It appears that chains approaching the size 
of completed preprolactin  (Mr 25,000)  can react with SRP 
but with decreasing  efficiency.  Completed preprolactin  re- 
leased from the ribosome bound SRP very weakly, if at all 
(not shown). 
These results show that polypeptides, the signal sequence 
of which has just fully emerged, react best with SRP, but that 
longer chains can also interact with lower affinity. Our data 
also indicate that signal peptide recognition does not require 
ongoing translation. 
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bodies to prolactin and to the 54-kD polypeptide of SRP. Transla- 
tion was carried out for 10 min in the presence of SRP. After addi- 
,tion of 7mGp and irradiation,  some samples were processed for 
product analysis (lanes 1, 3, 5, and 7) while others were incubated 
further for 60 min in the presence of K-RMs (lanes 2, 4, 6, and 8). 
The products were either precipitated by "IV_A (lanes 1 and 2) or 
immunoprecipitated with antibodies against prolactin (PL) (lanes 
3 and 4) or against the 54-kD polypeptide of SRP (54) (lanes 5 and 
6). Lanes  7 and 8 show controls with nonimmune serum (n.s.). 
Separation was performed in a 10% acrylamide gel. The positions 
of the  62-  and  80-kD  bands  are  marked  with  arrows, pPL, 
preprolactin; PL, prolactin. 
Polypeptide Chains Cross-linked to SRP 
Can Still Be Elongated 
It was of interest to test whether cross-linking of the signal 
peptide  to  SRP  would  prevent further polypeptide chain 
elongation. 
Translation of preprolactin mRNA was carried out in the 
presence of SRP for 10 rain. After irradiation of the elonga- 
tion-arrested translation complex, the incubation was con- 
tinued for different periods of time (Fig. 3 A). The intensity 
of  the  62-kD  cross-linking  band  decreased  slowly,  and 
higher Mr bands  were produced up to  a  size of ,,080 kD 
(Fig. 3 A, lanes 4-6). The growth of the cross-linked poly- 
peptide  could be prevented by addition  of cycloheximide 
(lane 8). Since preprolactin has an Mr of 25,000,  the 80-kD 
band corresponds to cross-linking of completed polypeptide 
chains with the 54-kD polypeptide of SRP. Indeed, the 80- 
kD band does not appear to be associated with tRNA, since 
it cannot be precipitated by ce.:yltrimethylammonium bro- 
mide, in contrast to the lower Mr bands (not shown). 
All bands between Mr 60,000 and 80,000 could be immu- 
noprecipitated with antibodies directed against prolactin and 
the 54-kD polypeptide of SRP  (not shown).  It should be 
noted that a closely spaced band pattern of up to at least Mr 
75,000 was seen (corresponding to nascent chains of approxi- 
mately 200 residues in length; see Figs.  3 and 4). 
One  may  conclude that  cross-linking  of the  signal  se- 
quence to SRP does not completely prevent further chain 
elongation of nascent preprolactin. 
The continuation of chain elongation in the presence of 
SRP could also be demonstrated if the irradiation was car- 
ried out after incubation for different time periods (Fig. 3 B). 
However, compared with the experiment in which the growth 
of the cross-linked polypeptide was studied, the disappear- 
ance of the 62-kD band  was  much slower,  and higher Mr 
products were seen in only small amounts (cf. lanes 3 and 
2, lanes 5 and 4, and lanes 7and 6). Notably, the 80-kD band 
was hardly visible, if at all. 
The SRP Receptor Releases the Translational 
Inhibition without Chain Translocation if  the Signal 
Sequence is Cross-linked to SRP 
To test whether cross-linking of SRP to the signal sequence 
would prevent its interaction with the docking protein in the 
ER membrane, K-RMs depleted of SRP were added after ir- 
radiation of the elongation-arrested translation complex and 
the incubation was continued. The growth of  the cross-linked 
polypeptide was drastically accelerated (Fig. 4 A, cf. lanes 
5-7 with lanes 2-4).  The 62-kD band disappeared almost 
completely and much of the radioactivity was found in the 
80-kD band. Of course, processing of  preprolactin to prolac- 
tin was also observed, since only a percentage of the nascent 
chains is cross-linked (note the prolactin band in lanes 5-7). 
With increasing amounts of K-RMs added after irradiation, 
the 80-kD band became more and more prominent until, at 
very high concentrations of K-RMs, an inhibition of poly- 
peptide chain elongation was observed (Fig. 4 B). 
The release of the translational inhibition was not seen if 
K-RMs pretreated with NEM were used (Fig. 4 A, cf. lane 
8 with lane 9, which shows a mock-treated control; note also 
the absence of a prolactin band in lane 8). The arrest-releas- 
ing activity was also disturbed by pretreatment of K-RMs 
with  low  concentrations of trypsin  followed by high  salt 
washing (not shown). This provides evidence that the SRP 
receptor, which contains a  sensitive SH group (6) and can 
be  proteolytically  severed  from  the  membrane  (19),  is 
responsible for the activity of the membranes. 
Immunoprecipitation experiments confirmed that the 80- 
kD band consisted of preprolactin cross-linked to the 54-kD 
polypeptide of  SRP (Fig. 2, lanes 4 and 6). It should be noted 
that products of higher Mr, notably of 100,000-105,000  (ar- 
rowhead), were also immunoprecipitated by both antibodies. 
The 100-105-kD band might represent a cross-linked product 
of completed preprolactin with both the 54-kD polypeptide 
of SRP and either the 19-kD polypeptide of SRP or a ribo- 
somal protein. 
Little, if any, of the 80-kD product and of the intermediate 
products was translocated across or integrated into the mem- 
brane since they were accessible to proteases, in contrast to 
prolactin,  which  was  protected by the vesicle membrane 
(Fig. 4 C). Furthermore, most of the 80-kD band was recov- 
ered in the supernatant after pelleting of the microsomes (not 
shown). 
The Journal of Cell Biology,  Volume 104, 1987  204 Figure 3. Polypeptides  cross-linked to SRP can still be elongated.  (,4) The sample presented in lane I was incubated for 60 min without 
SRP. For all other samples, translation was carried out for 10 min in the presence of SRP. 4 mM 7mGp was added and samples were ir- 
radiated (irr.) as indicated.  All samples,  except those in lanes 2 and 3 were incubated further for the time periods indicated.  The sample 
in lane 8 received cycloheximide before further incubation. (B) Translation  was carried out for 10 min in the presence of SRP. The samples 
shown in lanes 1, 2, 4, and 6 were irradiated  before further incubation for the time periods indicated.  The samples presented in lanes 
3, 5, and 7 were irradiated after the indicated incubation  periods. The products were precipitated by "I'CA  and applied to a 12 % acrylamide 
SDS gel.  The arrows give the positions of the 62- and 80-kD bands (see text),  pPL, preprolactin. 
Figure 4. Cross-linking  of SRP with the signal sequence allows for release of the elongation  arrest by the SRP receptor but not for transloca- 
tion. (A) Translation was carried out for 10 min in the presence of SRP. After addition of 4 mM 7mGp and subsequent irradiation (irr.), 
the samples were further incubated in the absence (lanes 2-4) or presence (lanes 5-9) of K-RMs for the indicated time periods, except 
for lane 1, which was immediately analyzed. K-RMs pretreated with NEM or mock-treated were employed for the samples shown in lanes 
8 and 9. (B) Translation was carried out for 10 rain in the presence of SRP. After addition of 7mGp and irradiation where indicated, the 
samples were further incubated for 60 min in the presence of different amounts of K-RMs.  (C) A sample was incubated for 60 min in 
the presence of K-RMs after irradiation. Posttranslational proteolysis was then performed by addition of proteinase K in the final concentra- 
tions indicated.  After incubation at 25°C for 10 min, phenylmethylsulfonyl  fluoride was added to 1 mM before TCA precipitation.  All 
products were separated in a 12 % acrylamide SDS gel. The positions of the 62- and 80-kD bands are marked with arrows, pPL, preprolactin; 
PL, prolactin. 
Wiedmann  et al. Signal Sequence-Signal  Recognition Particle Interactions  205 Figure 5. The SRP receptor displaces the signal sequence from SRP. (A) Translation was carried out for 10 min in the presence of SRP. 
Cycloheximide was added and the incubation was continued for 2 min.  After addition of K-RMs in different amounts as indicated, the 
samples were further incubated for 4 min. The samples shown in lanes 8 and 7 received K-RMs pretreated with NEM and mock-treated 
membranes,  respectively. Irradiation was performed as indicated and the products were separated in a 10% acrylamide gel except for the 
samples shown in lanes 7and 8, which were separated in a 12% gel. The arrows indicate the position of  the 62-kD band. (B) Quantification 
of  the radioactivity contained in the 62-kD bands (A, lanes 2-5). Autoradiograms obtained by the use of  preflashed x-ray films were evaluated 
by densitometry. 
These  data  indicate  that  cross-linking  of the  signal  se- 
quence to SRP still allows release of the translational arrest 
by the SRP receptor, but, of course, does not permit polypep- 
tide chain translocation. 
Interaction of  SRP with Its Receptor 
Leads to Displacement of  the Signal Sequence 
Gilmore and Blobel (7) have demonstrated that the solubi- 
lized SRP receptor displaces SRP from the ribosome even 
in the absence of chain elongation. We have tested whether 
membrane-bound receptors in form of K-RMs displace the 
signal sequence from SRP.  Such an effect would be mani- 
fested  by  the  suppression  of  the  appearance  of  the  Mr 
62,000  cross-linked product. 
The experiment was carried out as follows. Translation of 
preprolactin mRNA was performed in the presence of SRP 
for 10 rain. Cycloheximide was then added to prevent further 
chain elongation. K-RMs were added in increasing amounts 
and the samples were irradiated  (Fig.  5 A,  lanes 2-6). 
It may be seen that addition of K-RMs inhibited the forma- 
tion of the 62-kD cross-linked product. More than 85 % inhi- 
bition could be achieved with high concentrations of K-RMs 
(Fig. 5 B). Membranes pretreated with NEM did not show 
this effect (Fig.  5,  cf.  lanes  7 and 8). 
One may conclude that binding of the arrested translation 
complex to the SRP receptor in the membrane has weakened 
the interaction of the signal sequence with the 54-kD poly- 
peptide. 
It should be noted that even after running the samples in 
gels of different acrylamide concentrations and after careful 
scrutiny  of the fluorograms, we were unable to detect the 
formation of a  new  cross-linked product after addition  of 
K-RMs.  (Cross-linking  to  a  protein  component  of  "oMr 
17,000  would  not  have  been  detectable  because  of  co- 
migration with preprolactin.) 
Discussion 
In the present study we have directly analyzed interactions 
of the signal sequence with SRP during the synthesis of a 
secretory protein.  A  new method,  tRNA-mediated protein 
labeling, whereby chemical groups can be introduced into 
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in the side chain of the amino acid residue was employed. 
The use of  TDBA, which upon irradiation gives rise to a very 
reactive carbene radical, reduces unspecific reactions that 
apparently occurred to some extent with the ABA reagent 
previously employed (10). The new reagent also gives better 
yields  of cross-linked  product,  allows  for  irradiation  at 
higher wavelengths with less UV damage, and is not sensi- 
tive to SH groups. 
In agreement with our theoretical prediction on the basis 
of a mathematical model of the translocation process (Rapo- 
port, T. A., R. Heinrich, P. Walter, and Th. Schulmeister, 
manuscript in preparation), we have found that SRP can ac- 
tuaUy  interact with  a  wide  spectrum  of ribosome-bound 
polypeptide chains, beginning with nascent chains contain- 
ing ,,o70 residues,  in a reversible manner.  The observation 
that the binding  of SRP  becomes weaker with  increased 
chain length may be explained by the assumption that the sig- 
nal sequence in the nascent chain should not be too far re- 
moved from the ribosome. An alternative explanation is the 
burying of the signal sequence within domains of the poly- 
peptide, which would diminish the accessibility for SRP. Our 
data  show  that  preprolactin  for  which  a  co-translational 
mode of translocation is obligatory (17) can interact with 
SRP late in translation and in the absence of chain elonga- 
tion. The binding of the nascent chain to a functional ribo- 
some  appears  essential  for the  SRP  interaction to occur. 
Puromycin-terminated  polypeptide fragments and completed 
preprolactin bind very poorly, if at all. 
Inhibition of elongation occurs even with long polypep- 
tides. This is concluded from the fact that SRP cross-linked 
to the arrested fragment, after further incubation,  slowly 
gives  rise  to  a  spectrum  of products  with  Mrs  between 
62,000  and  75,000,  which  can  all  be  chased  rapidly  by 
K-RMs into the 80-kD product. Preprolactin chains contain- 
ing as many as 200 residues out of the ~250 present in a 
completed chain, must therefore be inhibited by SRP in their 
elongation. On the other hand, the gap in the band pattern 
generally seen between 75 and 80 kD may indicate that ribo- 
somes very close to the 3'-end of the mRNA cannot be halted 
anymore by SRP. These results are in agreement with those 
of Ainger and Meyer (1) who have recently shown that SRP 
can exert an elongation arrest even late in translation.  We 
have confirmed for preprolactin that addition of SRP to a 
synchronized translation system inhibits the elongation of na- 
scent polypeptide chains exceeding a length of 70 residues 
(not shown). 
Inhibition of polypeptide chain elongation is shown to oc- 
cur with the signal sequence covalently linked to SRP.  In- 
deed, elongation arrest was indicated by the fact that trans- 
lation  was  drastically  accelerated by  addition  of K-RMs 
containing the SRP receptor. Consequently, release of the 
elongation arrest does not directly involve the signal recogni- 
tion function of SRP. This is in agreement with the observa- 
tion that a defective SRP, lacking the two smallest polypep- 
tides, does not exert an elongation arrest but is competent for 
protein translocation (17). 
We have found that chain elongation, though inhibited, 
was not stopped completely by cross-linked SRP. A stronger 
inhibition  was  observed with  non-cross-linked  SRP.  Al- 
though we cannot exclude the possibility that irradiation has 
reduced the inhibitory effect of SRP, the result may also be 
explained by the assumption that binding of SRP to the signal 
sequence increases the binding strength of SRP to the ribo- 
some, which in turn effects elongation arrest.  Equilibrium 
exchange of SRP in its complex with the ribosome would be 
reduced by cross-linking, since other SRP molecules would 
not have access to the blocked signal sequence. Thus, cross- 
linking would, in essence, decrease the effective concentra- 
tion of SRP-ribosome complexes.  This interpretation im- 
plies that the signal sequence-SRP interaction is reversible 
as found. 
Assuming that SRP, to inhibit translation, must be bound 
to the ribosome, and taking into account that elongation still 
proceeds after cross-linking, two conclusions may be drawn. 
First,  SRP does not block the exit site of the polypeptide 
chain on the ribosome, and second, the emerging polypep- 
tide chain assumes a loop shape. It may be surmised that even 
a non-cross-linked polypeptide chain forms a loop and is in- 
serted in this shape into the ER membrane, as has been sug- 
gested before (9). 
The displacement of the signal sequence from SRP by the 
SRP receptor provides further evidence for the transient na- 
ture of the signal sequence-SRP interaction and for the for- 
marion of the translocation complex in the absence of chain 
elongation (7). It may also be assumed that a drastic confor- 
mational change in the SRP occurs upon docking. 
We cannot exclude that a second receptor protein present 
in the ER membrane accepts the signal sequence from SRP. 
However, it is possible that the lipid environment interacts 
with the signal sequence after docking (4), thus explaining 
the absence of a new cross-linked band. In any case, the data 
would not exclude the existence of an aqueous pore through 
which the  other parts  of the polypeptide chain are trans- 
ported (3, 15). The new method of affinity labeling employed 
here may prove valuable for the identification of presumed 
tunnel proteins. 
We arc very grateful to Drs. A. S. Girshovich and E. S. Bochkarcva,  Insti- 
tute of Protein  Research, Poustchino,  USSR, for the supply of TDBA. We 
arc grateful to Dr. P. Waiter and Dr. V. Lingappa for gifts of antibodies to 
the 54-kD polypeptide of SRP and to prolactin, respectively.  We thank Dr. 
S. M. Rapoport and Dr. H. Welfle for critical reading of the manuscript and 
helpful  comments. 
Received  for publication 26 August 1986. 
References 
1. Ainger, K. J., and D. I. Meyer.  1986. Translocation of nascent secretory 
proteins across membranes can occur late in translation. EMBO (Eur. Mol. Biol. 
Organ) J.  5:951-955. 
2. Badashkeyeva, A. G., T. S. Gall, E. V. Efimova, D. G. Knorre,  A. V. 
Lebedev,  and  S.  D.  Mysina.  1983. Reactive derivative  of adenosine-5'- 
triphosphate formed by irradiation of ATP gamma-p-azidoanilide. FEBS (Fed. 
Fur. Biochem.  Soc.) Lett. 155:263-266. 
3. Blobel, G., and B. Dobberstein.  1975. Transfer of proteins across mem- 
branes.  II. Reconstitution of functional rough microsomes from heterologous 
components. J.  Cell Biol.  67:852-862. 
4. Briggs,  M.  S.,  L.  M.  Gierasch,  A.  Zlotnick,  J.  D.  Lear,  and W.  F. 
DeGrado.  1985. In vivo function and membrane binding properties  are cor- 
related for Escherichia coli Lamb signal peptides. Science (Wash. DC). 228: 
1096-1099. 
5. Brunner, J., and F. M. Richards.  1980. Analysis of membranes photo- 
labeled with lipid analogues. Reaction of phospholipids containing a disulfide 
group and a nitrene or carbene precursor with lipids and with gramicidin A. 
J.  Biol. Chem. 255:3319-3329. 
6. Gilmore,  R.,  G.  Blobel, and  P.  Walter.  1982. Protein  translocation 
across the endoplasmic reticulum. I. Detection in the microsomal membrane of 
a receptor for the signal recognition particle.  J.  Cell Biol. 95:453-469. 
7. Gilmore, R., and G. Blobel. 1983. Transient involvement of signal rec- 
Wiedmann et al.  Signal Sequence-Signal  Recognition Particle Interactions  207 ognition particle and its receptor in the microsomal membrane prior to protein 
translocation. Cell. 35:677-685. 
8. Gilmore, R., and G. Blobel.  1985.  Translocation of secretory proteins 
across the microsomal membrane occurs through an environment accessible to 
aqueous perturbants. Cell. 42:497-505. 
9. Inouye, M., and S. Haiegoua. 1980.  Secretion and membrane localiza- 
tion of proteins in Escberichia coli.  CRC Crit. Rev. Biochem.  7:339-371. 
10. Kurzchalia, T. V., M. Wiedmann, A. S. Girshovich, E. S. Bochkareva, 
H. Bielka, and T. A. Rapoport. 1986. The signal sequence  of nascent  preprolac- 
tin interacts with the 54K polypeptide of the signal recognition particle. Nature 
(Lond.).  320:634-636. 
11. Laemmli, U. K. 1970. Cleavage of structural proteins during the assem- 
bly of the head of bacteriophage "I"4. Nature  (Lond.). 227:680-685. 
12. Meyer, D. I., E. Kranse, and B. Dobberstein.  1982.  Secretory protein 
translocation across membranes-the role of the ~docking  protein  ~.  Nature 
(Lond.).  297:503-508. 
13. Nassal, M.  1983.4-(1-Azi-2,2,2-trifluoroethyl) benzoic acid, a highly 
photolabile carbene generating label  readily  fixable  to  biochemical agents. 
Liebigs Ann.  Chem. 9:1510-1523. 
14. Prehn, S., Tsamaloukas, A., and T. A. Rapoport. 1980. Demonstration 
of specific  receptors of the rough endoplasmic membrane for the signal se- 
quence of carp preproinsulin. Eur. J.  Biochem.  107:185-195. 
15. Rapoport, T. A. 1985.  Extensions of the signal hypothesis-sequential 
insertion model versus amphipathic tunnel hypothesis. FEBS (Fed. Eur. Bio- 
chem. Soc.) Len.  187:1-10. 
16. Rapoport, T. A. 1986. Protein translocation across, and integration into, 
membranes. CRC Crit. Rev. Biochem.  20:73-137. 
17. Siegel,  V., and P. Walter.  1985.  Elongation arrest is not a prerequisite 
for secretory protein translocation across the microsomal membrane. J.  Cell 
Biol.  100:1913-1921. 
18. Stanley, K. K., and J. P. Luzio. 1984. Construction of a new family of 
high efficiency bacterial  vectors: identification  of cDNA clones coding for hu- 
man liver proteins. EMBO  (Eur. Mol. Biol. Organ.) J.  3:1429-1434. 
19. Walter, P.,  R. J.  Jackson, M.  M.  Marcus, V.  R.  Lingappa, and G. 
Blobel.  1979. Tryptic dissection and re,  constitution of translocation activity for 
nascent  presecretory proteins across microsomal membranes. Proc. Natl. Acad. 
Sci.  USA. 76:1795-1799. 
20. Walter, P., and G. Blobel. 1981. Translocation of proteins across the en- 
doplasmic  reticulum.  HI.  Signal  recognition  protein  (SRP)  causes  signal 
sequence-dependent  and site-specific  arrest of chain elongation that is released 
by microsomal membranes. J.  Cell Biol. 91:557-561. 
21. Walter, P., L lbrahimi, and G. Blobel.  1981.  Translocation of proteins 
across the endoplasmic reticulum. I. Signal recognition protein (SRP) binds to 
in vitro-assembled polysomes synthesizing secretory protein.  J.  Cell Biol. 
91:545-550. 
22. Walter, P., and G. Biobel.  1982.  Signal recognition particle contains a 
7S RNA essential for protein translocation across the endoplasmic reticulum. 
Nature  (Lond.). 299:691-698. 
23. Waiter, P., andS3. Blobel.  1983. Preparation of microsomai membranes 
for cotranslationai protein translocation. Methods.  Enzymol.  96:84-93. 
24. Walter, P., and G. Blobel.  1983. Signal recognition particle-a ribonu- 
cleoprotein required for cotranslational transiocation of proteins-isolation and 
properties. Methods. Enzymol.  96:682-691. 
25. Walter, P., and G. Blobel.  1983. Subcellular distribution of signal recog- 
nition particle and 7SL RNA determined with polypeptide-specific  antibodies 
and complementary DNA probe. J.  Cell Biol.  97:1693-1699. 
26. Wiedmann, M., A. Huth, and T. A. Rapoport.  1984. Xenopus oocytes 
can secrete bacterial [3-1actamase. Nature  (Lond.). 309:637-639. 
The Journal of Cell Biology, Volume 104,  1987  208 